With the increased demand of multiple information, positioning technology raises lots of attention in many fields, including military, emergency assistance, and tracking for vehicles. Because of the limitation of the outdoor positioning technologies in indoor applications, indoor positioning is a new and promising field. At the same time, with light-emitting diodes widely adopted, visible light positioning has become a widely researched technology in indoor positioning. However, the existing methods are based on the supposition that the light for positioning is a particle, without considering the shapes of lights, which causes low accuracy to a certain degree. Therefore, in this paper, an improved algorithm for threedimensional indoor positioning is proposed. It takes the shapes of the transmitters (lights) into consideration, thus, to ensure high indoor-positioning accuracy. In this study, simulations are conducted under the line of sight and two different kinds of noise, which shows the high accuracy performance of the proposed algorithm.
Introduction
With the increased demand of multiple information, positioning technology raises lots of attentions in various fields, including military, emergency assistance and tracking for vehicles. Several positioning systems, such as Global Positioning System (GPS), Global Navigation Satellite System (GNSS), BeiDou Navigation Satellite System (BDS) are the main positioning systems currently, which can achieve high precision positioning in outdoor environments [1] - [2] . But these systems are based on the satellite signals, which cannot be applied indoors due to the signal blockage of high-rise buildings [3] . Moreover, lots of positioning systems, such as the GPS, are based on the radio wave whose measurement error often gets dozens of meters worse at indoor or urban canyon due to the multipath effect and radio disturbance [4] . However, indoor positioning systems have many applications such as location tracking, navigation in complicated scenarios, robot movement control, etc. [5] . Therefore, it is a new promising field. The existing indoor positioning technology includes Bluetooth, Wi-Fi, infrared ray, Radio Frequency Identification (RFID), ultra-wideband (UWB), Zigbee and ultra sonic [6] - [11] . Bluetooth and Wi-Fi are susceptible in many complex environments while Infrared ray and RFID have short positioning distance. With the increasing requirements of high accuracy, low cost, information security and simple implementation of indoor positioning, these existing technologies need further improvement.
At the same time, with the development of the solid-state lighting, light emitting diodes (LEDs) have been widely adopted to replace the incandescent and fluorescent lamps since it has the advantages of long lifetime, high efficiency, and small size, which improves the performance of a new indoor positioning technology-visible light positioning (VLP). Therefore, VLP is a significant technology in many scenarios such as hypermarket, exhibition hall, hospital, airport, etc. [12] . Compared with other indoor positioning methods, the indoor VLP features low cost, simple implementation and high accuracy, which has a bright prospect [13] - [16] . There are various methods that can be applied in VLP, such as Time of Arrival (TOA), Time Difference of Arrival (TDOA), Received Signal Strength (RSS) and Angle of Arrival (AOA). Among them, TOA attracts extensive attention owing to its high accuracy and simple implementation. Therefore, TOA is adopted in this paper.
At present, the existing methods are on the basis of a supposition that the light for positioning is a particle without the consideration of the shapes of lights [7] [13] . Because of ignoring the shapes of lights, their accuracy is not high enough in some applications. For example, a rectangle light sends transmitter identity (TxID) firstly. Then, the receiver obtains the information which comes from the entire rectangle plane rather than a single point. Therefore, ignoring the shapes of lights consequently leads to the positioning errors. In this paper, an improved algorithm for three-dimension indoor positioning is proposed based on all the reference points on the transmitter(light). By searching and using the nearest point on the light to the receiver, not only does the novel algorithm have higher accuracy than the traditional algorithm, but also it can be applied to a diversity of occasions with all kinds of shapes of lights. Besides, there is no need for strong synchronization in TOA process, which achieves easy implementation.
The paper is organized as follows. Section 2 describes the system architecture. Section 3 illustrates the algorithm. Section 4 presents the simulation results. Section 5 summarizes this paper.
System Architecture
In practice, there are substantial different shapes of lights as shown in Fig. 1 . In order to illustrate how the proposed algorithm can be available to various scenarios, this paper uses a classic application scenario to describe the proposed algorithm as shown in Fig. 2(a) . The dimensions of the system are 0.01 m per unit on x, y and z axes respectively. This system consists of two main parts: four lights and one measured receiver. Assuming that three lights, T1, T2 and T3, are on the same plane (ceiling) and they are parallel to the XY plane. Since the three-dimensional coordinate is required, the fourth light, T4, must be not in the same plane as the other three, and assuming that T4 is a spot lamp-house. In addition, owing that the width of the light on the ceiling is much smaller than its length, the width can be ignored in the measured system. Therefore, three lights on the ceiling are recognized as three lines. In this paper, each light (line) is divided into N segments, which generates N + 1 points on each light as shown in Fig. 2 (b) and these points are named reference points.
Positioning Algorithm
In this section, an improved positioning algorithm based on VLP is presented. Assuming that the coordinates of all reference points have already been acquired and N is even thereby N + 1 is odd. In this way, the middle reference point on each light can be determined by the N + 1 reference points on each light (T1, T2, T3).
In this algorithm, there are two steps. The first step uses four reference points located on the middle of each light to get an approximate location of the receiver. The second step renews four reference points T times by iterating method based on the approximate location acquired in the first step. Concretely, the estimated location of the receiver calculated this time will be recognized as the initial location of the receiver next time. To get an updated result next time, four new reference points on the lights are needed during each iteration. After several times of iterations, the final locations result of the receiver is obtained.
The key of the proposed algorithm is to correct four reference points among the N + 1 points on each light. That is, in the next several iterating steps, confirming and revising the four reference points, are the main goals. Because the already acquired distances between the lights and receiver are measured by the synchronization device in the first step, they depend on the time of arrivals. Meanwhile, time of their arrivals are largely determined by the nearest points to the receiver on the four lights. Therefore, these nearest points are supposed to be reference points, which can largely increase the accuracy of the positioning.
Step 1: Obtain the Approximate Location of the Receiver
In LOS environment, TOA method is applied to obtain the distance d i (i = 1, 2, 3, 4) between the receiver and each light (T1, T2, T3, T4) according to (1) .
where τ i is the time of arrival between the receiver and each light.
Available from the previous assumption that N + 1 is odd and the middle reference points on lights T1, T2 and T3 are (x i , y i , z i ) respectively. The middle reference point on light T4 is itself (x 4 , y 4 , z 4 ) because it is regarded as a spot lamp-house. In addition, the position of the receiver is (x, y, z).
Then, available from (2)- (5), (s, y, z) can be acquired as follows.
where
Available from the assumption in Section 2,
. In addition, x 1 = x 3 , y 1 = y 2 and z 1 = z 4 . Therefore, |A | = 0 and A is a lower triangular matrix. All above, (7) can be acquired.
The approximate coordinate of the receiver can be determined according to (7).
Step 2: Obtain the Precise Location of the Receiver by Iteration
Parameter τ i , is generated by the nearest reference point to the receiver on each light because once the receiver receives ID information from the transmitter (light), it is confirmed. This means there is a great possibility that τ i depends on the nearest reference point to the receiver on each light. Therefore, finding the nearest points on lights is essential in the second step. The approximate location of the receiver is calculated. Therefore, the approximate area of the receiver can be determined as shown in Fig. 3(a) and a more precise location of the receiver can be calculated in the approximate area. Due to the fact that τ i relies on the nearest reference points on the transmitters, four reference points are supposed to be the closest points. As for T1, take the approximate location (x, y, z) and all reference points (x 1 , y 1 , z 1 ) into (2)-(5). Therefore, distances between every reference point on T1 and the receiver are obtained. Thus, the nearest reference point to the receiver on T1 can be acquired. Similarly, the nearest reference points to the receiver on lights (T2, T3) can also be obtained. As shown in Fig. 3(b) , the nearest reference points of lights (T1, T2, T3) are A, B and C respectively. The nearest reference points of T4 is itself, D, because it is regarded as a spot lamp-house.
Since A, B, C, and D are the nearest reference points to the receiver on the four lights, respectively, it is likely that they generate parameter τ i . Therefore, a more precise location of the receiver can be calculated by using these four nearest reference points (A, B, C, D). In details, recognize the coordinates of A, B, C and D as (x i , y i , z i ) in (6) respectively. Then, a more precise location of the receiver can be acquired by (7) as shown in Fig. 3(b) .
However, the estimated location of the receiver in Fig. 3(b) is not accurate enough because the nearest points (A, B, C, D) are determined by the approximate locations of the receiver rather than the real one. In other words, this estimated location of the receiver is supposed to be furtherly updated. Concretely, substitute the location of this estimated receiver and all the reference points (7) by using the middle point on each light; 3: Determine the approximate area of the receiver as shown in Fig. 3(a) ; 4: Find the nearest reference points (A, B, C, D) to the approximate receiver on each light according to (2)- (5) as shown in Fig. 3(b) ; 5: Calculate a more precise location of the receiver (x, y, z) by using the coordinates of nearest points (A, B, C, D) on each light according to (6)- (7) as shown in Fig. 3 (b); 6: Take the calculated location of the receiver from step 6 into (2)-(4) to find four new nearest reference points on the four lights; 7: Calculate a more precise receiver (x, y, z) by using these four nearest points on each light according to (6)- (7); 8: Turn back to step 6 for T times; 9: Obtain the final location of the receiver (x, y, z) of T1 into (2)-(5). Therefore, the distances between every reference point of T1 and this estimated receiver are calculated. A new nearest reference point on T1 to this estimated receiver is obtained. In the same way, new nearest reference points on T2, T3 and T4 can also be obtained. Substitute the coordinates of these four new reference points into (6) . Finally, an updated location of the receiver is calculated by according to (7) .
Likely, this updated location of the receiver may be not the real receiver either. Repeat the process above to get another more precise location of the receiver. After iterating T times, the final location of the receiver can be determined.
The overall process is presented as Algorithm 1.
Error Analysis
As for the precision level of this algorithm, it depends on various parameters, including the size of transmitters (lights), the number of iterations, the number of divisions for one light, N , and how much the noise is. Firstly, the first factor is analyzed by an example as follows. In a small room, there are two kinds of lights with the length of 10 cm and 100 cm respectively. The number of divisions, N , on each kind of lights, is identical. If only use the first kind of lights to position the receiver, a higher accuracy can be obtained than that of using the second ones. Because with the same number of divisions, the shorter the lamp is, the more concentrated reference points are. If those points are concentrated in an extreme case, such like a dot, this light can be treated as a particle, which indicates the meaningless of considering the shape of lights.
The number of iterations is also a vital factor for the high accuracy. The more iterations are, the more updated times are. Therefore, the final acquired location of the receiver is more precise. Besides, how many segments each light is divided into is crucial. Assuming that there were several same lights in a room, half of them is divided into N segments, respectively, with N + 1 reference points as shown in Fig. 2(b) . Among the rest of them, each light is divided into 2N segments, with 2N + 1 reference points. Because there are more reference points to be chosen for the nearest point, it must have higher accuracy by using the second kind of lights. In addition, noise varies in different scenarios and different receivers, leading to different positioning errors.
Numerical Results
In this section, 200 unknown receivers are generated randomly and M = 800, W = 800, H = 600. The coordinate of T4 is (400, 0, 400). The coordinates of A, B and C are (200, 220, 600), (200, 600, 600) and (600, 220, 600) respectively. N is set as 100. Therefore, there are 101 reference points on each light (T1, T2, T3). According to the traditional method which ignores the shapes of lights, the estimated locations of the receivers are calculated with the supposition that the reference points of lights are the middle ones.
As mentioned in Section 2, there are several factors that can affect the positioning precision. In the simulation, two different kinds of noise are considered. Besides, in different scenarios with different noise, the influence of the size of transmitters (lights) and the number of iterations in the proposed algorithm will be analyzed.
The traditional algorithm in simulations is conducted based on TOA algorithm with the middle points of the lights. This basic method can be found in [17] .
Simulation With Lower Noise
In this part, the simulation is conducted with the noise which causes error, about 1 cm, of d i . Two factors are simulated. The first one is the size of lights. Assuming that there are two kinds of lights with L = 10 and L = 100, respectively, where L is the length of lights. In other words, lights (T1, T2, T3) have the length of 10 cm or 100 cm. Next, based on the same T = 100, which means to update every location of the receiver 100 times, the different numbers of iterations are operated.
Acquire from Fig. 4(a) , the average error caused by the shorter lights is much smaller than that of the longer lights with L = 20 cm and L = 150 cm in traditional algorithm. This is because the shorter the light is, the greater possibility it can be regarded as a particle. In Fig. 4(b) , the average error decreases by about 150 cm for longer lights while the shorter lights always lead to less positioning error, because with the same number of reference points, the larger the light is, the faster the optimization speed is. Therefore, the low accuracy in the traditional algorithm and the necessity of considering the shapes of lights are demonstrated. Besides, the proposed algorithm is more effective for longer lights.
As illustrated above, the precision of positioning is influenced by the size of lights. While the number of iterations is also important. Assuming that all transmitters are identical with the length of L = 100 cm, Fig. 5 shows different errors caused by different iteration times. Acquire from Fig. 5 , after 100 iterations, the average accuracy improves around 0.6 cm based on the error caused by 10 iterations, which proves the necessity of multiple iterations.
Simulation With Higher Noise
In this part, the simulation is conducted based on the noise which causes about 5 cm error of d i . As the previous part, two factors are also analyzed, the size of lights and the number of iterations. In addition, the length of two kinds of lights with L = 10 cm and L = 100 cm are considered respectively. Similarly, based on the same T = 100, 10 iterations and 100 iterations are operated and analyzed respectively.
Acquire from Fig. 6 (a) and (b), the low accuracy in the traditional algorithm and the necessity of the shapes of lights are proved as mentioned in previous part. And the improvement of accuracy for longer lights is more obvious. Comparing Fig. 6(b) and Fig. 4(b) , with the increasement of value of noise, the positioning error is bigger. While the average error for longer lights and shorter lights roughly increased by 3.35 cm and 1.8 cm, which also proves the influence of shapes of lights.
As for the precision of positioning, it is also relative to the number of iterations. As simulated above, assuming that all transmitters (lights) are identical with the length of 100 cm, Fig. 7 shows different errors caused by different iteration times. According to Fig. 7 , after 100 iterations, the average error is 3 cm while the error after 10 iterations is 4.5 cm which improves around 1.5 cm. 
Conclusion
A novel indoor positioning algorithm is proposed in this paper. By comparing the positioning errors of the simulation results of the proposed algorithm and the traditional one, shapes of transmitters (lights) are non-negligible in the VLC. However, since the precision is determined by the number of reference points, N , on each light, it is difficult to determine the best N for the balance of precision working loads of calculation. Besides, this proposed algorithm is only suitable for the LOS environment, which should be developed.
This paper mainly tells that the shapes of lights should be considered. The principle of this novel positioning algorithm for lights with kinds of shapes is the same. Therefore, this paper only uses this example about rectangular lights. But further verification for other shapes will be conducted in the future.
